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Abstract Lovelock theory is the natural extension of general relativity to higher 
dimensions. It can be also thought of as a toy model for ghost-free higher curvature 
gravity. It admits a family of AdS vacua, most (but not all) of them supporting black 
holes that display interesting features. This provides an appealing arena to explore 
different holographic aspects in the context of the AdS/CFT correspondence. 



1 Lovelock theory 

While classical gravity seems well-described by the Einstein-Hilbert action, quan- 
tum corrections generically involve higher curvature terms. This is the case, for 
instance, of a! corrections in string theory. On general grounds, higher curvature 
terms arise in Wilsonian low-energy effective descriptions of gravity. 

The inclusion of higher curvature corrections customarily leads to higher order 
equations of motion. They are consequently argued to be plagued of ghosts. Despite 
that, David Lovelock tackled the problem some four decades ago finding the most 
general situation leading to second order Euler-Lagrange equations [ 1 1. He showed 
that, whereas in four dimensions General Relativity is the natural answer, higher 
dimensional scenarios lead to the appearance of higher curvature contributions to 
the action, on equal footing with the Einstein-Hilbert term. The action of Lovelock 
theory is given, in d space-time dimensions, by a sum o1K< [^i] terms, 

k=0 " LK 
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which admit a compact expression in terms of differential forms 

J k = J e av .. ad R" 1 " 2 A • • • A/?* 2 *- 1 * 2 * Ae* 1 A • • • Ae"' 1 , (2) 

where S av .. ad is the anti-symmetric symbol, R" b := d(0 ab + ffl°. A (O cb is the Rie- 
mann curvature 2-form, computed from the spin connection 1-form (o" b , and e" 
is the vierbein 1-form. By construction, Lovelock theories are intrinsically higher 
dimensional. 

It is easy to see that the first two terms (most general up to d = 4) are quite fa- 
miliar; J^o gives the cosmological term while J"\ is nothing but the Einstein-Hilbert 
(EH) action. Their normalization is fixed along this talk as 

L 2 c Q = C| = 1 . (3) 

or, in terms of the more familiar dimensionfull quantities of General Relativity, 

A = ~ ^~2L?~ 2) ' 16 ^-3)!G W =1, (4) 

Gn being the Newton constant. For d > 5, for instance, we have the Lanczos-Gauss- 
Bonnet (LGB) term 12 (c 2 = XL 2 ), 

J 2 ~ d d x (R 2 - 4R^ V + R^ pa R^ pa ) , (5) 
while for d > 7, we introduce the cubic Lovelock Lagrangian (ct, = IJ.L 4 ), 
y 3 ~ A^^ + 3«R" v % tlv - URR^R^ 

+ 24R^ va PR a ^R pv + 16R^R va R^ a +24R^R apvp RP 

+ 8RZ P R a lR P ; p +2R aPpa R^R p ° v ) . (6) 

By simple comparison of (O and, say, @, the advantages of the so-called first or- 
der formalism become manifest. The equations of motion are obtained by varying 
independently with respect to the vierbein and the spin connection. The latter can 
be solved by simply setting the torsion T" := de a + (0° h A e b to zero. This is not the 
most general solution, but the one we will consider along this talk, since it allows 
us to make contact with the second order metric formulation of gravity. 

The equations of motion, when varying the vierbein, can be cast into the form 

Baava^ ^"f A • • • A ^™ A e u ^ A . . . A e"^ = , (7) 

which neatly displays the fact that these theories admit (up to) K constant curvature 
maximally symmetric vacua, 

^b. = R ab_ A . e a Ae b = (g) 
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The effective cosmological constants turn out to be the (real) roots of the character- 
istic polynomial T[A], 

r[A] : =£c fc A* = c*n( A - A i) • W 

<r=0 i=l 

We will see that many important features of these theories and their black hole so- 
lutions are governed by this polynomial. Degeneracies arise when its discriminant, 
A := Yli<j(Ai — A/) 2 , vanishes. This is typically associated with symmetry enhance- 
ment and/or the emergence of non-generic features of Lovelock theory. Even though 
they can be fairly interesting (see J5] for a recent example), we will mostly deal with 
the A t^O case throughout this presentation. 

For the sake of clarity, let us briefly consider the K = 2 case. This amounts to the 
inclusion of the LGB term which, for instance, arises in superstring theory ||4]|5]|6]. 
Being quadratic, the roots of the polynomial Y[A] can be explicitly sorted out: 

A± = -^^-y^ then A=Q & X=Xc S -=\- (10) 

The CS subscript in Acs amounts for Chern-Simons, since that is the critical value 
of A for which the theory acquires an extra symmetry (in d = 5) becoming a gauge 
theory for the AdS group Q . For < A < Acs the theory has two AdS vacua^J A + 
is known to be unstable (8). For A > Acs there is no AdS vacuum. 

The branch corresponding to A_ is called the EH-branch, since it is continuously 
connected to the solution of General Relativity when A — > 0. It has T*'[A_] > 0, 
which amounts to a positive effective Newton constant. In fact, each vacuum A, has 
a different effective Newton constant, G' N ~ 1/1"' [A,-], whose sign coincides with 
that of Y' [Aj] . Thus, a given root of Lovelock gravity, A*, must satisfy 

r'[Aj>o, (ii) 

in order to correspond to a vacuum that hosts gravitons propagating with the right 
sign of the kinetic term. Else, if T'[A*] is negative, we say that the corresponding 
vacuum is affected by Boulware-Deser (BD) instabilities. 

On top of the maximally symmetric vacua, we are interested in Shockwave back- 
grounds of Lovelock theory. We want to show that in the presence of a Shockwave 
there is room for causality violation ||9]. This will raise the question whether all 
possible values of Lovelock's couplings, q, lead to physically sensible theories of 
gravity. The Shockwave solution on AdS, with cosmological constant A*, reads fl9l 

L 2 

ds AdSsw = ~T (-dudv + dx 2 + dz 2 ) + F(u)tn(x,z)du 2 , (12) 

z 

where z = L 2 /r is the Poincare radial direction, u,v = x°±x </ ~ 1 are light-cone 
coordinates, and x are the remaining d — 3 spatial directions. is the AdS ra- 



ff A < 0, there is no a priori lower bound for it and it is clear that A + becomes positive. 
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dius corresponding to the branch on top of which we construct the Shockwave, 
U ~ (-A*)" 1 / 2 . We should think of F(u) as a distribution with support in u = 0, 
which we will finally identify as a Dirac delta function, F(u) = S(u). 
The shock wave is parameterized by the function UJ(x,z), obeying 

2{d~?>)m + {d-6)zd : m-z 2 {d} + v\)m = o , (13) 

where V 2 is the Laplacian in the x-space. This equation admits the following so- 
lutions, whose holographic counterpart will be briefly addressed later. The simplest 
profile 

m = m Q z c '-\ (14) 

on the one hand, and the x-dependent solution 

z d - 3 n 
GJ = C*o , x = - — , , , - , (15) 

(Z 2 + (X-X ) 2 r / - 2 l + M'-2' 

where n is a unit vector. We will use these Shockwave profiles below. 



2 Black holes 

The black holes of Lovelock theory were exhaustively studied in iflOl . In this talk 
we will just discuss some salient features that are instrumental to their holographic 
applications. The solutions can be obtained from the ansatz l8l [TTl[T2l 

c/r 2 r 2 

ds 2 = -f(r)dt 2 + — + - [? d£ 2 aJ _ 2 , (16) 

where dT. c ^-i is the metric of a (d — 2) -dimensional manifold, of negative, 
zero or positive constant curvature ( c — — 1,0,1 parametrizing the different horizon 
topologies). A natural frame is given by 

e° = ^/f(rjdt, e l = ^=dr, e a = r -e\ (17) 

Vf(n L 

where a = 2, . . . ,d— 1, and R ab = ae" A e b . The Riemann 2-form reads 
R m = - l -f(r)e°Ae l , R 0a = e° Ae a , 

R 1 " = -i^l e l Ae a , R" b = - f{r) 7 a e" Ae b . (18) 

2r r L 

Strikingly enough, if we insert these expressions into the equations of motion, we 
get after some manipulations a quite simple ordinary differential equation -not for 
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/(r) but for rfc(r)], 



d\ogr 



(d-r 




(19) 



where g(r) 



q-fir 



It can be straightforwardly solved as 



r[ g ] = v d - 2 -j 



M 



(20) 



where the integration constant, through the Hamiltonian formalism H13I . can be seen 
to be the space-time mass M times the volume V^_2 of the unit constant curvature 
manifold j% . The black hole solutions are implicitly (and analytically!) given by 
this polynomial equation. The variation of r translates the y-intercept of T[g] rigidly, 
upwards. This leads to K branches, gi(r), corresponding to the monotonous sections 
of T[g], associated with each Af gj(r — >• °°) = A,-. 

The existence of a black hole horizon requires g + = for planar black holes, and, 
since g + = ojr\, 

r{g + }=V d _ 2 M\g + \( d - i y 2 , (21) 

for spherical or hyperbolic black holes. In the case of non-planar black holes, the 
curve (ETT i can intersect the polynomial at different points. Several branches can 
display black holes with the same mass or temperature. This entails the possibility 
of a rich phase diagram, provided that the free energy or entropy of these solutions 
differ, which turns out to be the case lfl4l [TSI [T6l . 

The plethora of vacua and possibilities for the local behavior of the polynomial 
Y[g] lead to a bestiary of black hole solutions that has been analyzed in depth |PT0"1 . 
We will just review some features of black holes belonging to the EH branchQ which 
are a sort of distorted Schwarzschild-AdS black holes. When real, the effective cos- 
mological constant associated with this branch, A*, is negative and so the space-time 
is asymptotically AdS, regardless of the sign of the cosmological constant appearing 
in the original Lagrangian. 

Even though the EH-branch is just a deformation of the usual Schwarzschild- 
AdS black hole, it can be a quite dramatic one. For instance, it may happen that the 
polynomial has a minimum at g m i„ < 0, such that T[g m i n ] > 0. Now, by derivation 
of ( l20l ) with respect to the radial variable, 



m^r'[g] 



-i 



(22) 



making clear that the metric is regular everywhere except at r = and at points 
where T'[g] = 0. A naked singularity would arise at large radius, r na ^ e( i, where 
gtaaked) = gmin- This case was first discussed in lfT7l[T8l for third order Lovelock 
theory and planar topology, but the same applies in the general case for a vast re- 
gion of the space of parameters that we call the excluded region (see FigUJ. We will 



2 Recall that it is the branch crossing g = with slope T' [0] = 1 . 
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assume in what follows that the Lovelock couplings do not belong to the excluded 
region (in the LGB case, this simply means X < 1 /4). 

For hyperbolic or planar topology, as this branch always crosses g = with 
positive slope, it has always a horizon hiding the singularity of the geometry which 
is located either at r = [(a) type] or at the value corresponding to a maximum 
of Y[g] [(b) type] for which g{r*) = gmax > 0. Hyperbolic black holes can have a 
negative mass above a critical value that is nothing but an extremal solution. 

The spherical case is quite more involved. For high enough mass, the existence of 
the horizon is ensured, but this is not the case in general. For the (a) type EH-branch 
the existence of the horizon is certain for arbitrarily low masses if d > 2K+ 1. The 
critical case, d = 2K+ 1, is more subtle. There will be a minimal mass M cr i t related 
to the gravitational coupling c^ below which a naked singularity appears IfTUl . For 
high enough orders of the Lovelock polynomial, multi-horizon black holes can exist 
but for the critical case, at some point, all of them disappear. 

The case of a (b) type branch is simpler. There is a critical value of the mass, 
M*, for which the horizon coincides with the singularity, r + = r*. Below that mass 
a naked singularity forms. The simplest example is LGB gravity with X < 0, where 
the EH branch has a maximum at g max > 0. This is a singularity at finite r that may 
or may not be naked depending on the value of the mass in relation to M*, 

M, = ^J (i_4A). (23) 

2 Vd-2 

For bigger masses we have a well defined horizon while below this bound the sin- 
gularity is naked. 

Some aspects of Lovelock black holes thermodynamics have been considered in 
lfl9l . The (outermost) event horizon has a well defined (positive) temperature 



T = f'{r + ) 



4n An 



(24) 



It is easy to see that large black holes have M ~ Wd-2 T d ~ l . Then, dM/dT > and 
they can be put in equilibrium with a thermal bath. They are locally thermodynami- 
cally stable. In general, this will not happen for small black holes, pointing towards 
the occurrence of Hawking-Page phase transitions, which have been already studied 
in the case of LGB gravity ||201|2T1 . One important feature regarding the classical 
stability of these black holes is that 

* '-"U^rw, <25, 

dr+ 1 dr+ 

and, as long as we are in a branch free from BD instabilities, both the radial deriva- 
tive of the mass and the entropy are positive. This is necessary to discuss classical 
instability, since the heat capacity reads 
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and then the only factor that can be negative leading to an instability is 

dr+ 2x[ K ' 2 g+r>[g + ] \ S+ T'[g + ])\ 

It is not easy to check classical stability in full generality for non-planar black holes, 
but in the regimes of high and low masses. In the simplest case of planar black holes, 
the thermodynamic variables do not receive any correction from the higher curvature 
terms in the action and the expression reduces to the usual formula 

dT - d ~ l (281 

This expression is manifestly positive. Therefore, these black holes are locally ther- 
modynamically stable for all values of the mass. This is also the case for maximally 
degenerated Lovelock theories that admit a single (EH-)branch of black holes 11221 . 
The entropy can be easily obtained by integrating 



r 



, V 1 u„_£ ?_„A 

d-2k 



k=2 



and it coincides with the prescription obtained by other means such as the Wald 
entropy 11231 or the euclideanized on-shell action 0241 . For planar horizons this for- 
mula reproduces the proportionality of the entropy and the area of the event horizon, 
S ~ r^T 2 , whereas it gets corrections for other topologies. From these quantities we 
can now compute any other thermodynamic potential such as the Helmholtz free 
energy, F =M — TS, 

F^4\t 2m - 2k+1 kc k c m gj^. (30) 

This magnitude is relevant to analyze the global stability of the solutions for pro- 
cesses at constant temperature. As a function of g + , it has a polynomial of degree 
2K — 1 in the numerator. This is the maximal number of zeros that may eventually 
correspond to Hawking-Page-like phase transitions. Moreover, taking into account 
that ( f30b is a sum involving the whole set of branches of the theory, phase transitions 
involving jumps between different branches are expected lfT4l [T31 [T6l . 



3 Holography 

The main motivation of our work in Lovelock theory is gaining a better understand- 
ing of some aspects of the AdS/CFT correspondence. Since the groundbreaking 
paper of Juan Maldacena l25l , evidence has been accumulating towards the validity 
of the following bold statement: a theory of quantum gravity in AdS space-time is 
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equal to a corresponding (dual) CFT living at the boundary. The relation between 
both descriptions of the same physical system is holographic. 

A key ingredient of this highly nontrivial statement is given by the recipe to 
compute holographically correlation functions in the CFT [26, 27]. Restricted to the 
stress-energy tensor, 7^,(x), it reads 

3T [* MV ] « exp(-^[^ v ]) ^(^exp^Jdx r)« b (x) T ab (x)^j ^ , (31) 

where 2f [guv] is the partition function of quantum gravity, and g^v = gjiv(z,x) 
such that g a b{0,x) = TJ a &(x). From this expression, correlators of the stress-energy 
tensor can be obtained by performing functional derivatives of the gravity action 
with respect to the boundary metric. This, in turn, is simply given by considering 
gravitational fluctuations around an asymptotically AdS configuration of the theory. 

In the remainder of this presentation, we will investigate the uses of this frame- 
work in the case of Lovelock theory and extract some of its consequences. 



3.1 CFT unitarity and 2-point functions 

Consider a CFT^-i. The leading singularity of the 2-point function is fully charac- 
terized by the central charge Ct ll28l 

(Tab (x) Ted (0)> - ^yy Sab* « , (32) 

where 

^ab,cd( X ) = \ f 7 ac(x)/ M (x) + I ad (x) I bc {x) - -^-y T] ab T] cd ) , (33) 

whereas I a b(x) = r\ a \, — 2x a Xf,/x 2 . For instance, Ct is proportional in a CFT4 to 
the standard central charge c that multiplies the (Weyl) 2 term in the trace anomaly, 
C T = 40c/n 4 . 

The holographic computation of Ct was performed in [|29| for LGB, and in ll30l 
for Lovelock theory. According to the AdS/CFT dictionary, it is sufficient to take 
a metric fluctuation h xy (z 7 x) := L 2 /z 2 0(z,x) about empty AdS with cosmological 
constant A*. Expanding ([TJ to quadratic order in 0, and evaluating it on-shell, 

^quad = 2( r ^ //2 / dx Z 2 -" (0 dj) . (34) 

Imposing the boundary conditions 0(0, x) = 0(x), the full bulk solution reads 



3 Other components of the metric fluctuations must be considered as well, but they are irrelevant 
for our current discussion. 
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d r\d] r z d ^ 

0(z ' x) = —i ^r^ l^ (z 2 + | x - y |2),-i ^(^-y) m ■ (35) 

Plugging this expression into ^ qua d. we obtain 

Auad = YjJ y |x-y|^-') ' (36) 



where Ct is the central charge of the dual CFT</_ 



c = J_ r[d] r\A+] nTt 
CT d-i^r^i-A^- (i) 

The upshot of this computation in an AdS vacuum, A* < 0, is thought-provoking: 

C T >0 <=> r'[A*]>0. (38) 

The latter inequality, in the gravity side, corresponded to the generalized BD con- 
dition preventing ghost gravitons in the branch corresponding to the AdS vacuum 
with cosmological constant A*. Thereby, unitarity of the CFT and the absence of 
ghosts gravitons in AdS, seem to be the two faces of the same holographic coin. 



3.2 Positivity of the energy and 3-point functions 

The form of the 3-point function of the stress-tensor in a CFT t /_i is highly con- 
strained. In 12811311 . it was shown that it can always be written in the form 

[■^ ^ab.cd.ef^ ^ab,cd,ef^ 6 ,y ab.cd.ef 

(TM T c ,(y) T eM ) = V |,. y i,-.| y .,|,-.| g - x | rf -i 1 - ^ 

where the specific form of the tensor structures .^bcd ef m irrelevant for us. Ward 
identities relate 2-point and 3-point correlation functions, which means that the cen- 
tral charge Cj can be written in terms of the parameters sd ', 38 and ^ , 

i& (d-2)(d+\)s/-2&-4dV 

T r[^i] (d-i)(d+i) ■ {W) 

Nicely enough, an holographic computation of the parameters entering the above 
formula can be tackled. It is certainly more intricate than that of Cy; thus we omit 
the details. The result is lfl8l 
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and analogous expressions for S3 and where aj(d) are rational functions of d, the 
space-time dimensionality. 

A convenient parametrization of the 3-point function of the stress-energy tensor 
was introduced in 11321 . The idea is to consider a localized insertion of the forrrfl 
/ d(Oe^"°' Eji c Tj k (x), and to measure the energy flux at light-like future infinity 
along a certain direction n, 



^(n) = lim/- 2 / dt n'r°(f,rn) 



(42) 



Given a state created by a local gauge invariant operator & = Ejj Tjj, since £, ; - is a 
symmetric and traceless polarization tensor, the final answer for the energy flux is 
fully constrained by conformal symmetry to be 



Ai- 3 



l+t 2 



n-e 



1 



d-2 



-'4 



nen 



d(d-2] 



, (43) 



where E is the total energy of the insertion, n ■ e = n t '£&, n ■ e • n = «;« 7 e !; -, and 
|e| 2 = £^£«t, while X2 f /_3 is the volume of a unit (d — 3)-sphere. For any CFT f /_i, it 
is characterized by the two parameters t 2 and t^. Being the quotient of 3-point and 
2-point correlators, (^(n)) is fully determined by the parameters srf , S3 and , In 
particular fl29l . 



(44) 



2c/ d(d-3)(d+ 1) ^ + 3(d- l) 2 ^-4(rf- l)(2d- 1) ' 



c/-l 



(d-2)(d + l)^-2. 



4d c i 



and a similar expression for t\. We do not care about the latter for the following 
reason. If the CFT ( /_i is supersymmetric, U vanishes 11321 [34l . On the other hand, 
even though there is no proof in the literature showing that Lovelock theories admit 
a supersymmetric extension, it turns out that the holographic computation suggests 
that a CFT c /_ i with a weakly curved gravitational dual whose dynamics is governed 
by Lovelock theory has a null value of ?4 0181 , 







(*(*)) 



A/-3 



1 



n-e 



1 



d-2 



(45) 



The existence of a minus sign in (l45b leads to interesting constraints on ti, by de- 
manding that the energy flux be positive for any direction n and polarization £,-;. For 
the tensor, vector and scalar channels, we obtain, respectively, 



t 2 <d~2 



2{d-2) 
d-4 



ti> - 



d-2 
d-4 



(46) 



The vector channel constraint is irrelevant. In any supersymmetric CFT^_i, there- 
fore, the parameter t 2 has to take values within the window 



4 Notice that we are splitting time and space indices and, thus, from now on vectors are understood 
as (d — 2) dimensional objects. 
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d-2 

<t 2 <d-2, (47) 



d-A 



if the energy flux at infinity is constrained to be positive. For instance, any jV = 1 
supersymmetric CFT4 has \t 2 \ < 3, with 

^ c — a 1 a 3 ,,„, 

to =6 -<-<-. (48) 

c 2 c 2 

where a and c are the parameters entering the trace anomaly formula, the bound 
being saturated for free theories 11321 . 

We can holographically compute t 2 by inserting a Shockwave on AdS, which 
sources the field theory insertion, and considering a metric fluctuation h xy (z,x) := 
L 2 /z 2 </>(z,x) about this background. The 3-point function follows from evaluating 
on-shell the effective action for the field on a particular Shockwave solution. The 
relevant Shockwave profile is given by (fLSt . as discussed in 11321 . Up to an overall 
factor, the cubic vertex is 



^cubic ~ C T I dxdu dv y/=g$dfo mil- A *y. - - ) , (49) 



r'(A*) (d-3)(d-4) 



Z 2 (d 2 0J + d 2 ®) - 2zd-W - 4GJ 
T 2 = ? y —L . (50) 



where 



The relevant graviton profile 

<p(u = 0,v,x,z) ~ e- iEv 8{x)8(z- 1) , (51) 



allows us to impose x = and z — 1 in (1501 . this yielding the result 

(n 2 + n 2 1 \ 
r 2 = 2(rf-l)(rf-2)[^-i-— . (52) 



We therefore read off, by plugging (152> into (1491 and comparing against the expres- 
sion for (<?(n)) in d43T >. the holographic prescription for t% in Lovelock theory: 

2(</-l)(</-2)A,r"[A,] 

2 (rf-3)(rf-4) r[Aj ' 

and ?4 = 0. Needless to say, this is the same expression we would have gotten by 
simply plugging the holographic formulas of the parameters SB and c £ (l4Tb into 
(f44t . Combining (07]) and (1551) . we obtain lfT71[T8ll . 

_^ < _y-iy-2)^^ ]< 

d-4 - (d-3)(d-4) T'[AJ ~ 

For instance, Figure Q] displays the two curves that establish the upper = 5) and 
lower (?2 = —5/3) limits of the allowed window for the case of cubic Lovelock 
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theory in d = 7. It enables us to appreciate how tight this restriction is in terms of 
the acceptable Lovelock couplings. In the d — 5 case, —3 < ?2 < 3, which together 




Fig. 1 The allowed region of gravitational couplings by causality and stability for cubic Lovelock 
theory in d = 7 is displayed. The black points are the maximal values of X that can be attained in 
LGB 1 36 33 1 and cubic Lovelock I17II18I gravities, that are related to the lowest possible value of 
7} /s in a dual CFTg strongly coupled plasma 1301 . 



with the dependence of ?2 on the LGB coupling leads to 

Notice, in particular, from (|48i , that a = c corresponds to vanishing and A. This 
suggests that higher curvature corrections are mandatory to study, for instance, four 
dimensional strongly coupled CFTs with u/c under the light of the gauge/gravity 
correspondence. 



3.3 Gravitons thrown onto shock waves must age properly 

Consider a shock wave with profile given in (fT4l in AdS with cosmological constant 
A*. We would like to analyze the following process. A highly energetic tensor gravi- 
ton will be thrown from the boundary z = towards the shock wave0This amounts 

5 The same computation can be carried out with vector and scalar gravitons, and the result in these 
two cases will be obvious from the present analysis. 
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to perturbing the relevant metric up to quadratic order and keeping only those terms 
involving derivatives like d%, and d u d v acting on the perturbation (j>: 

W + m ,* (l + ^ ^ - 4) ^M ) >W f-afr - , (56, 

assuming 1"'[A*] 7^ 0, which means that the vacuum we are dealing with is non- 
degenerated. Causality problems arise when the coefficient of <3,:0 becomes nega- 
tive. In fact, notice that ( l56b is a free wave equation except at the locus u = 0. We 
must only care about the discontinuity of P z for a graviton colliding the shock wave 



AP =fcl)|PJ f^V 3 (l+ 2{d - 1] A * Y " [A * ] ) (57) 
while the shift in the light-like time is lfl8l 

AV -\l) Z [ 1+ (d-3)(d-4) T[M ) ■ (58) 

Thus, if the quantity in parenthesis is negative, a graviton thrown into the bulk from 
the AdS boundary, bounces back, landing outside its own light-cone! This is under- 
stood as a signal of causality violation. If we repeat this computation for vector and 
scalar polarizations, we end up with the constant 

d~2 2(d—\)(d — 2)A*Y"[A+] 

d-4~ (d-3)(d-4) T'[AJ " K J 

These are exactly the allowed values for -once the holographic dictionary has 
been put into work-, that ensure positivity of the energy in the dual CFT This ends 
up, once again, in an alluring match between gravity and gauge theory. 



3.4 Black holes and plasma instabilities 



We could have obtained the results of the previous subsection following a differ- 
ent approach. Consider Lovelock black holes and study the potentials felt by high 
momentum gravitons exploring the bulk. Close to the boundary, z <C z+, for the 
different helicities ifTTlfllfl 



1 



1 



r 



1 



1 



I4A* i 



d-\ 



2{d-\) A,r"[A,] 
(d-3)(d-4) T'[AJ 

(d-i)A,r"[Aj" 



(d-3) T'[AJ 



(60) 
(61) 
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^scalar 



1 z<<- 1 ' 



1 



2(d-i)A,r"[A ir ] 
(d-3) r>[A*\ 



(62) 



The argument proceeds as follows ll37l . Notice that the potentials are normalized 
in such a way that their boundary value is 1, while they need to vanish at the black 
hole horizon. These potentials can be understood as the square of the local speed 
of gravitons with the corresponding polarization. Even though there is no problem 
with a graviton whose local speed surpass that of light measured at the boundary, 
any excess would entail the existence of a local maximum. 

Therefore, the graviton energy can be fine-tuned in such a way that it stays an 
arbitrarily large period of time at the top of the potential. Without the need of an 
explicit knowledge of the geodesic, it is clear that the average speed of the graviton 
will be bigger than the speed of light at the boundary. Since the graviton bounces 
back into the boundary, it means that there would be a corresponding excitation in 
the dual gauge theory that becomes superluminal. This should be forbidden in any 
sensible theory that respects the principle of relativity. 

The conditions cf ensor , Cg Calar < 1 in the vicinity of the boundary lead to the same 
constraints found before. We can argue that this is due to the fact that the Shockwave 
analysis is related to the current one through a Penrose limit. A more physical inter- 
pretation would be that causality violation is not linked to the existence of a black 
hole solution since it is not due to thermal effects. 

Once we consider the current setup, there is a second source for pathologies. If 
any of the squared potentials becomes negative anywhere, either close to the black 
hole horizon or deep into the bulk, an imaginary local speed of light will reflect 
an instability of the system. This ceases to exist in the absence of a black hole. 
Thus, it seems natural to identify it with a thermal feature of the CFT They should 
correspond to plasma instabilities fl29l . Analogously to what happens with the re- 
strictions coming from the window of allowed values for ?2, these restrictions further 
constrain the values that Lovelock couplings can take in a sensible theory J30). This 
is explicitly shown in FigureQ]for the case of cubic Lovelock theory in d = 7. There, 
the region of Lovelock couplings leading to causal and stable physics is given by a 
connected and compact vicinity of the EH-point (A = ji = 0). 



4 Final comments 

The study of higher curvature gravity in the context of the AdS/CFT correspondence 
appears, at the least, as a territory worth exploring. It allows to further understand 
how profound concepts of quantum field theory might be linked, holographically, 
to comparable deep concepts in the realm of gravity. Some examples were briefly 
presented above, such as the relation between positivity of the energy in the CFT 
and a certain kind of causality violation in the dual gravitational theory. We have not 
discussed, although they exist [30], other sources of causality violation occurring in 
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the bulk, which do not seem to be related to pathologies inherited from the 3-point 
stress-energy tensor correlators in the dual CFT. 

Lovelock theories are remarkable in that lots of physically relevant information 
is encoded in the polynomial T\g], BD instabilities, for instance, can be simply 
written as Y' [A J < 0, which has a beautiful counterpart telling us that the central 
charge of the dual CFT, Cr, has to be positive. This is unitarity. Now, r'[A*] is the 
asymptotic value of the quantity Y'[g], the latter being meaningful in the interior 
of the geometry, and positive along the corresponding branch. Recalling that naked 
singularities take place at extremal points of Y [g] further suggests that Y' [g] might 
be a meaningful entry in the holographic dictionary (see 11381 for related ideas). 

In spite of the higher dimensional nature of Lovelock theory, it is important 
to mention that there are lower dimensional gravities, dubbed quasi-topological, 
whose black hole solutions are alike those discussed in this talk. Many of the results 
presented above are pertinent in those "more physical" setups of AdS/CFT [39 1 . 

Acknowledgements I am very pleased to thank Xian Camanho, Gaston Giribet, Andy Gomberoff 
and Miguel Paulos for collaboration on this subject and most interesting discussions held through- 
out the last few years. I would also like to thank the organizers of the Spanish Relativity Meet- 
ing in Portugal (ERE2012) for the invitation to present my work and for the nice scientific and 
friendly atmosphere that prevailed during my stay in Guimaraes. This work is supported in part 
by MICINN and FEDER (grant FPA201 1-22594), by Xunta de Galicia (Conselleria de Educacion 
and grant PGIDIT10PXIB206075PR), and by the Spanish Consolider-Ingenio 2010 Programme 
CPAN (CSD2007-00042). The Centra de Estudios Cientfficos (CECs) is funded by the Chilean 
Government through the Centers of Excellence Base Financing Program of Conicyt. 



References 



1. D. Lovelock: The Einstein tensor and its generalizations. J. Math. Phys. 12, 498 (1971). 

2. C. Lanczos: A Remarkable property of the Riemann-Christoffel tensor in four dimensions. 
Annals Math. 39, 842(1938). 

3. G. Giribet: The large D limit of dimensionally continued gravity. arXiv:1303.1982 [gr-qc]. 

4. C. P. Bachas, P. Bain and M. B. Green: Curvature terms in D-brane actions and their M theory 
origin. JHEP 9905, Oil (1999) |hep-th /9903210| . 

5. Y. Kats and P. Petrov: Effect of curvature squared corrections in AdS on the viscosity of the 
dual gauge theory. JHEP 0901, 044 (2009) |arXiv:0712.0743i rhep-thll. 

6. A. Buchel, R. C. Myers and A. Sinha: Beyond T]/s = JHEP 0903, 084 (2009) 
larXiv:08 12.2521 I Thep-thll. 

7. A. H. Chamseddine: Topological gauge theory of gravity in five-dimensions and all odd di- 
mensions. Phys. Lett. B 233, 291 (1989). 

8. D. Boulware and S. Deser: String generated gravity models. Phys. Rev. Lett. 55, 2656 (1985). 

9. D. M. Hofman: Higher derivative gravity, causality and positivity of energy in a UV complete 
QFT. Nucl. Phys. B 823, 174 (2009) |arXiv:0907.1625i rhep-thll. 

10. X. O. Camanho and J. D. Edelstein, A Lovelock black hole bestiary. Class. Quant. Grav. 30, 
035009 (2013) |arXiv:1103.3669i rhep-thll. 

11. J. T. Wheeler: Symmetric solutions to the Gauss-Bonnet extended Einstein equations. Nucl. 
Phys. B 268, 737 (1986). 

12. J. T. Wheeler: Symmetric solutions to the maximally Gauss-bonnet extended Einstein equa- 
tions. Nucl. Phys. B 273, 732 (1986). 



16 



Jose D. Edelstein 



13. D. Kastor, S. Ray and J. Traschen: Mass and Free Energy of Lovelock Black Holes. Class. 
Quant. Grav. 28, 195022 (2011) larXiv; 1 106.2764 1 rhep-thll . 

14. X. O. Camanho, J. D. Edelstein, G. Giribet and A. Gomberoff: New type of phase transition 
in gravitational theories. Phys. Rev. D 86, 124048 (2012) |arXiv:1204.6737i rhep-thll. 

15. X. O. Camanho, J. D. Edelstein, G. Giribet and A. Gomberoff: Generalized phase transitions 
in Lovelock theory. To appear (2013). 

16. X. O. Camanho: Phase transitions in general gravity theories. These Proceedings (2013). 

17. J. de Boer, M. Kulaxizi and A. Parnachev: Holographic Lovelock gravities and black holes. 
JHEP 1006, 008 (2010) |arXiv:09 12. 1 877 1 rhep-thl 1 . 

18. X. O. Caman ho and J. D. Edel stein: Causality in AdS/CFT and Lovelock theory. JHEP 1006, 
099 (2010) |arXiv:0912.1944i rhep-thll. 

19. R. -G. Cai: A Note on thermodynamics of black holes in Lovelock gravity. Phys. Lett. B 582, 
237 (2004) [hep-th/0311240) . 

20. S. 'i. Nojiri and S. D. Odintsov: Anti-de Sitter black hole thermodynamics in higher derivative 
gravity and new confining deconfining phases in dual CFT Phys. Lett. B 521, 87 (2001) 
[Erratum-ibid. B 542, 301 (2002)] |hep-th/ 109122) . 

21. Y. M. Cho and I. P. Neupane: Anti-de Sitter black holes, thermal phase transition and holog- 
raphy in higher curvature gravity. Phys. Rev. D 66, 024044 (2002) |hep-th/0202140 1. 

22. J. Crisostomo, R. Troncoso and J. Zanelli: Black hole scan. Phys. Rev. D 62, 084013 (2000) 
|hep-th/0003271| . 

23. T. Jacobson and R. C. Myers: Black hole entropy and higher curvature interactions. Phys. 
Rev. Lett. 70, 3684 (1993) | hep-th/9305016| . 

24. R. C. Myers and J. Z. Simon: Black hole thermodynamics in Lovelock gravity. Phys. Rev. D 
38, 2434 (1988). 

25. J. M. Maldacena: The Large N limit of superconformal field theories and supergravity. Adv. 
Theor. Math. Phys. 2, 231 (1998) |hep-th/971120(J) . 

26. S. S. Gubser, I. R. Klebanov and A. M. Polyakov: Gauge theory correlators from noncritical 
string theory. Phys. Lett. B 428, 105 (1998) |hep-th/9802109 1. 

27. E. Witten: Anti-de Sitter space and holography. Adv. Theor. Math. Phys. 2, 253 (1998) 
|hep-fh/9802150] . 

28. H. Osbom and A. C. Petkou: Implications of conformal invariance in field theories for general 
dimensions. Annals Phys. 231, 311 (1994) | hep-th/9307010"l . 

29. A. Buchel, J. Escobedo, R. C. Myers, M. F. Paulos, A. Sinha and M. Smolkin: Holographic 
GB gravity in arbitrary dimensions. JHEP 1003, 111 (2010) larXiv: 09 1 1 .4257 1 rhep-thl 1 . 

30. X. O. Camanho, J. D. Edelstein and M. F. Paulos: Lovelock theories, holography and the fate 
of the viscosity bound. JHEP 1105, 127 (2011) larXiv: 1 01 0. 1 682 1 Ihep-thl 1 . 

31. J. Erdmenger and H. Osborn: Conserved currents and the energy momentum tensor in 
conformally invariant theories for general dimensions. Nucl. Phys. B 483, 431 (1997) 
|hep-th/96050091 . 

32. D. M. Hofman and J. Maldacena: Conformal collider physics: Energy and charge correlations. 
JHEP 0805, 012 (2008) I arXiv:0803. 14671 rhep-thll. 

33. X. O. Camanho and J. D. Edelstein: Causality constraints in AdS/CFT from conformal col- 
lider physics and Gauss-Bonnet gravity. JHEP 1004, 007 (2010) larXiv:0911.3160i rhep-thll. 

34. M. Kulaxizi and A. Parnachev: Supersymmetry constraints in holographic gravities. Phys. 
Rev. D 82, 066001 (2010) l! arXiv:09 1 2.4244 i rhep-thll . 

35. A. Buchel and R. C . Myers: Causality of holographic hydrodynamics. JHEP 0908, 016 (2009) 
larXiv:0906.2922| [hep-th] ] . 

36. J. de Boer, M. Kulaxizi and A. Parnachev: AdSv/CFTj, Gauss-Bonnet gravity, and viscosity 
bound. JHEP 1003, 087 (2010) larXiv:0910.5347i rhep-thll. 

37. M. Brigante, H. Liu, R. C. Myers, S. Shenker and S. Yaida: The viscosity bound and causality 
violation. Phys. Rev. Lett. 100, 191601 (2008) I a rXiv:0802.33T8l rhep-thll. 

38. M. F. Paulos: Holographic phase space: ofunctions and black holes as renormalization group 
flows. JHEP 1105, 043 (2011) larXiv: 1 10 1 .5993 1 rhep-thll . 

39. R. C. Myers, M. F. Paulos and A. Sinha. Holographic studies of quasi-topological gravity. 
JHEP 1008, 035 (2010) larXiv:1004.2055i rhep-thll. 



